The transducing phage Xh8Odlac carries the lac operator, whereas wild-type Xh8O does not. We find that in high salt (0.18 M XCI), ultraviolet radiation causes the formation of a very stable complex between repressor and 5-bromodeoxyuridine (BrdU)-substituted Xh8Odlac but not to BrdU-Xh8O DNA. Studies with inducers of the lac operon confirm the specificity of attachment. In low salt (0.01 M KC1), ultraviolet radiation will also attach repressor nonspecifically to BrdU-Xh80 DNA. The stability of the complex suggests that covalent bonds are formed. We also report that another regulatory protein, the catabolite gene activator protein, can be attached similarly to DNA.
of the complex suggests that covalent bonds are formed. We also report that another regulatory protein, the catabolite gene activator protein, can be attached similarly to DNA.
Smith first noted that ultraviolet (UV) radiation cross-links protein to DNA, both in vivo and in vitro (1) . The experimental evidence for cross-linking was that after UV treatment, DNA was not extractable from sodium dodecyl sulfate (SDS)-protein precipitates. This work has been reviewed (2) . Proteins known to bind to DNA were not studied. Recently, Markovitz (3) demonstrated that UV irradiation results in covalent bond formation between DNA polymerase and DNA. Stimulated by the work of Markovitz, we tried to demonstrate the specific cross-linking of lac repressor to lac operator in Xh8Odlac DNA. These experiments were not successful until 5-bromodeoxyuridine (BrdU)-substituted Ah80dlac DNA was used. We report here the photochemical attachment of lac repressor specifically to BrdU-substituted lac operator.
METHODS
We prepared lac repressor (isUPTrq) from strain M96 following the procedure of Muller-Hill, Beyreuther, and Gilbert (4) . To ensure purity, additional chromatography on DEAESephadex was done (5) . The preparation was free of impurities detectable by SDS-acrylamide gel electrophoresis and all DNA-binding activity (including photochemical cross-linking) sedimented in a sucrose gradient as lac repressor. The nitrocellulose filter assay for repressor-DNA complexes has been described in detail (6, 7) . Because of somewhat lower background and better reproducibility, we are now using type HAMK filters from the Millipore Corp. The basic procedures for preparing BrdU-substituted XhS0dlac [32P]DNA and Xh80 [32P]DNA are published (8) . For this work the thyminerequiring double lysogen, JG108 (Xh8oCi857Stjdlac, Xh80-CI8SM), was grown in medium containing 10 /Ag/ml of BrdU and 0.2 gg/ml of thymidine for 30 min prior to heat induction. This procedure leads to about 90% substitution of BrdU for thymidine as estimated by buoyant density measurements in CsC1 (9) .
For most experiments, ultraviolet light treatment was at a distance of 11 cm from a short wavelength mineral light (Ultraviolet Products, model UVS-11). The sample (0.75 ml) was in 0.5 X 2-inch polyallomer tubes situated directly below the UV lamp. Irradiation was usually done at room temperature (250) in buffer I, which contains: 10 mM KCl, 10 mM Tris HCl (pH 7.4), 0.1 mM EDTA, 0.1 mM dithiothreitol, 5% (v/v) dimethylsulfoxide, and 50 Ag/ml of BSA. The BSA was heat treated at 700 for 2 hr at pH 9.0. UV dosage was measured with an ultraviolet meter (Ultraviolet Products, model J-225). Test tubes with the bottom cut out were used to estimate the dose actually received by the sample. RESULTS The specific binding of lac repressor to lac operator has been firmly established (10, 11) and studied in detail using nitrocellulose filters to asay for repressor-operator complex (6, (12) (13) (14) . Repressor binding to operator is eliminated by isopropyl-B-D-thiogalactoside (IPTG), a good inducer of the lac operon. IPTG at 10-3 M causes preformed repressor-operator complexes to dissociate in a few seconds, even in low ionic strength buffers (ref. 13 , and our unpublished data). The binding of repressor to operator is also very sensitive to salt concentration and preformed repressor-operator complexes dissociate quickly in high salt (13) . Lac repressor has a relatively weak, but nonetheless measurable, affinity for DNA not containing the lac operator (7) . Repressor binding to nonoperator DNA is sensitive to ionic strength, but is not affected by IPTG (7).
The results above were obtained using normal, unsubstituted DNA. However, as shown in Fig. 1 , the binding of repressor to BrdU-substituted' DNA is basically similar. Specificity for operator is easily demonstrated because IPTG eliminates the binding ( Fig. 1 and ref. 8 ) and no binding is observed if DNA without the lac operon (BrdU-Xh8O [82p]_ DNA) is used (data not shown). An important difference between normal and BrdU-substituted operator is that the rate of dissociation of lac repressor is ten times slower from the latter (8) . Recent work (Lin and Riggs, unpublished) has established that the equilibrium affinity of lac repressor for both operator and nonoperator BrdU-substituted DNA is increased about one order of magnitude.
Specific attachment. Fig. 2A Proc. Nat. Acad. Sci. USA 71 (1974) Before filtration the reaction mixture was diluted with 3.0 ml of buffer I containing 50 iug of sonicated salmon-sperm DNA.
Samples (1 ml) were filtered in triplicate. B. The basic procedure for these experiments is described in the legend of Fig. 2 prepared identically to the BrdU-Xh8Odlac DNA (the phages were from a double lysogen and separated in CsCl) and had the same degree of BrdU substitution (90%) as measured by buoyant density. Sucrose gradient centrifugation experiments established that the molecular weights of the BrdUXh8O and BrdU-Xh8Odlac DNAs were the same. Therefore, these data provide strong evidence for specific attachment of lac repressor to lac operator. Another argument for specificity will be developed below when the action of effector ligands is considered.
Nonspecific Attachment. In low salt no evidence for specific cross-linking to operator is seen. Fig. 2C shows that in 0.01 M KCl, IPTG-stable complexes form equally well with BrdUXh8O and BrdU-Xh8Odlac DNA. Without UV treatment, filter retention only of BrdU-Xh8Odlac DNA is observed. We interpret these results as follows: The lac repressor does have measurable general affinity for DNA and this affinity for nonoperator DNA is much higher in low salt (7) . Although the affinity of repressor for nonoperator DNA is much less than for operator, the effective concentration of nonoperator-binding sites is very high. In low salt, the probability of repressor being bound to BrdU-Xh8O DNA is very high (see ref. 7 , and note that the affinity of repressor for BrdU-substituted DNA is about 10 times greater than for unsubstituted DNA).
Apparently this weakly bound repressor is not able to cause filter retention of the DNA. After UV treatment and the formation of a more stable complex, the DNA is retained on filters.
Effector Ligands. Many effector ligands, mostly galactosides, are known to interact with the lac repressor and affect its affinity for operator. Some are inducers and decrease bind- ing affinity; others increase affinity and are known as antiinducers (12) . IPTG, an inducer, is known to cause slight conformational changes in the lac repressor (15) (16) (17) . Under conditions where specific binding to BrdU-Xh8Odlac DNA is seen, the presence of IPTG during irradiation completely eliminates the formation of stable complex ( Fig. 2A and Table 1 ). It was conceivable that IPTG was acting, not by causing a conformational change in the repressor, but rather in some nonspecific way, perhaps by reacting with the free radicals produced during UV irradiation. Therefore, we checked the effect of other galactosides. As illustrated in Table 1 , only ligands known to inhibit repressor binding to operator are effective. Anti-inducers such as glucose, o-nitrophenylfucoside, and phenylthiogalactoside (12) do not inhibit stable complex formation. Lactose, a disaccharide which recently has been shown to be an anti-inducer (18), does not inhibit, whereas melibiose, a disaccharide that acts as an inducer (12) , greatly reduces the formation of stable complexes. These results establish that the effect of these ligands is mediated through the lac repressor.
In contrast, Fig. 3 (Fig. 1) . Fig. 2 shows that after UV irradiation and the formation of IPTG-resistant complexes, a maximum of about 20% of the DNA is retained. Therefore, from the data shown, it is apparent that the efficiency of complex formation is at least 50%. After 7.5 min. of UV treatment, we estimate that the sample has received a dose of 8 X 10' ergs/mm2. Markovitz found that about 50 X. 10' ergs/mm2 was necessary to covalently attach DNA polymerase to poly(dA-dT) or normal Escherichia coli DNA (3). The difference in energy is in keeping with the increased sensitivity of BrdU-DNA to UV irradiation (2, 20) .
As illustrated by the data shown in Table 1 , the photochemical attachment of repressor to operator is much less at 0°than at 250. This result has been obtained reproducibly and can only be partially compensated for by longer irradiation times. At 370, background (no repressor) becomes higher and more variable. To obtain reproducible results, BSA must be present, presumably to protect repressor. However, the BSA must be heat treated (see below). Dimethylsulfoxide is not essential and can be eliminated. High concentrations of dithiothreitol do not interfere with photochemical attachment to operator.
Lac repressor binds strongly to poly(dA-dT) (7), and even more tightly to poly(dA-BrdU) (21) . However, we found that (23, 24) . As shown in Table 4 , UV treatment leads to the formation of a CAP-DNA complex that is stable to high salt and cGMP.
We also have confirmed that UV treatment will cause DNA polymerase and RNA polymerase to form salt resistant complexes with BrdU-DNA. All four DNA-binding proteins are effective in causing DNA filter retention at concentrations of 0.01 ,ug/ml or less (with or without covalent attachment).
Other non-DNA-binding proteins (trypsin, ovalbumin, and BSA) will cause filter retention after UV treatment, but at least one 100-fold higher concentrations are needed (1 ,ug/ml or more). At 50 ,ug/mi, even BSA will cause filter retention unless it is heat treated (see Methods). We report here that the lac repressor can be photochemically attached to BrdU-substituted DNA and that in high salt (0.18 M KCl) the reaction is specific for lac operator, i.e., attachment occurs to BrdU-kh8Odlac DNA but not to BrdUAh80 DNA. Inducers of the lac operon (i.e., IPTG) prevent photochemical attachment of repressor to operator if they are present during UV irradiation, but not if added later. In low salt (0.01 M KCl), specificity is not observed; crosslinking occurs to BrdU-Xh8O DNA as well as to BrdU-Xh8O-diac, and IPTG has no effect. By analogy to previous work and from the stability of the repressor-DNA photoproduct we think that covalent bonds are formed.
We find BrdU-substitution to be essential; no attachment to normal Ah80dlac is obtained even with much higher UV doses. There are large differences between normal and BrdUsubstituted DNA in the types and numbers of photoproducts (20) . These differences may be critical for the attachment of of sequence specific proteins. BrdU-substituted DNA may be advantageous, not only because of its greater photochemical reactivity, but also because the lac repressor binds tighter to BrdU-substituted DNA (8) .
Cysteine adds photochemically to DNA (19) and Smith has shown that cysteine reacts with uracil to form 5-S-cysteine-6-hydrouracil (27) or with thymine to form 5-S-cysteine-6-hydrothymine (28) . Eleven other amino acids photochemically add to uracil with cysteine, phenylalanine, tyrosine, histidine, lysine, and arginine being the most reactive (28) . Polylysine also has been cross-linked by UV radiation to DNA (26) . Since many amino acids can react, it seems likely that most DNA-binding proteins will be cross-linked by UV irradiation. We find that another DNA-binding regulatory protein, the catabolite gene activator protein (23, 24) , also can be attached stably to DNA. We also have confirmed (26) that RNA polymerase can be cross-linked to BrdU-DNA.
Specific covalent attachment of DNA-binding proteins to their DNA substrate is obviously of great potential usefulness for identification of the DNA-binding sites of proteins and possibly in the isolation of the DNA region covered by the proteins. For mammalian cells especially, it may be useful to attach covalently chromosomal proteins to their specific sites by UV irradiation prior to disruption of the cell or nucleus. Perhaps less obvious is that covalent attachment may be useful for the demonstration of specific binding, which often is a major problem with DNA-binding proteins. For many proteins, binding specificity may be greatest in hlgh salt. However, in high salt, DNA-protein complexes are detectable in sucrose gradients only if impracticably high concentrations of reactants are used; and the same is true for retention on nitrocellulose filters. By the methods described here, it is now possible to fix permanently the protein to DNA under conditions of maximum specificity.
